A fragmented small GTPase capable of conditional effector binding is described. The effector binding function of this split-GTPase can be modulated using a small molecule input, thus allowing for the potential design of cellular signaling pathways. Fig. 4 (a) A crystal structure of active Cdc42 is shown (PDB code 1E0A). The N12 fragment is indicated in blue, and the 13C fragment is shown in red. The GTP analogue, GNP, is depicted in stick representation. (b) The GTP binding pocket from the structure in panel a, rotated by 90 to the right. The N12/13C fragmentation site lies within the P-loop, likely disrupting GTP binding prior to reassembly.
Small GTPases represent an important class of signaling molecules, having demonstrated roles in cell morphogenesis, division, and migration. [1] [2] [3] The function of these proteins, namely effector binding, is dependent upon a GDP-GTP switch that modulates effector binding potential. 4, 5 Specically, small GTPases cycle between two forms, the GTP-bound active conformation and the GDP-bound inactive conformation. The active GTP-bound conformation of the protein has a signicantly higher binding affinity towards downstream effectors 6 leading to diverse phenotypic changes ( Fig. 1a ). Given the clear involvement of these enzymes in human disease, [7] [8] [9] there is a critical need for the development of tools to control the interaction of small GTPases with downstream effectors. In the long term, such approaches could be used to control small GTPase-effector binding in living systems in order to further investigate the fundamental role of small GTPase signaling in human disease as well as generate designer signaling networks.
Despite the challenges associated with the development of small molecule inhibitors for small GTPases, 10-14 remarkable progress has been made towards the discovery of strategies for their inhibition. 15 Nonetheless, the ability to dissect small GTPase function in living cells with small molecule inhibitors remains limited. This has prompted the development of elegant protein engineering strategies to control small GTPase function. 16, 17 These approaches allow for the regulation of small GTPase activity using small molecules or light as inputs. While clearly powerful, more work is needed in order to identify techniques that could potentially allow for the orthogonal control of multiple GTPases. With this goal in mind, we hypothesized that split-protein reassembly, the concentration induced folding of a fragmented protein, [18] [19] [20] could be applied to control small GTPase function (Fig. 1b ). In the long term, appropriate fragmentation sites could potentially be applied across the 150 member Ras superfamily of small GTPases, 3 resulting in a lexicon of split-GTPase modules that could be employed with orthogonal, conditional interaction domains. [21] [22] [23] [24] [25] [26] [27] [28] Herein, we report the rst advance towards this goal. Using the well-characterized small GTPase known as Cdc42, 3, 29, 30 we identify fragmentation sites that yield signicantly reduced effector binding activity. When bought into close proximity using a chemical inducer of dimerization, the effector binding capacity of these fragments is restored. These split-Cdc42 fragments provide a proof-of-principle for the potential control of small GTPase signaling using small molecule inputs. Previous studies indicate that permissive loop regions within protein structures can serve as sites of fragmentation, acting in an analogues manner to loop insertion sites. 18, 31, 32 However, since identication of these permissive loops remains challenging, a functional screen was employed to identify permissive sites from a library of small GTPase fragments. In order to simplify screening we chose to focus on a constitutively active mutant of Cdc42, termed L61Cdc42 (Table S1 †), 33, 34 which remains in the GTP-bound state due to defective GTP hydrolysis. To identify split-Cdc42 fragments we cloned a library of potentially complementary Cdc42 pairs by dissecting the protein at every loop (yielding 14 fragment combinations, Fig. 2 and Table S2 †). The resulting N-and C-terminal Cdc42 fragments were fused at their native termini to the rapamycindependent interaction domains known as FKBP and FRB. 35 Flexible linkers were employed at the fusion sites to allow for sampling of multiple conformations (Table S2 † ). This experimental setup allows for the identication of rapamycindependent Cdc42 reassembly versus Cdc42 fragments capable of spontaneous reassembly.
To identify Cdc42 fragments capable of reassembly we employed a rapid assay format in which proteins are translated from mRNA using a rabbit reticulocyte in vitro translation system. 36 Performing these translation reactions in the presence of 35 S-methionine introduces a sensitive label into synthesized protein. Subsequent affinity purication of active Cdc42 fragments based on effector binding activity 37 allows for identication of fragments displaying rapamycin-dependent effector binding (Fig. 3a) . As a biologically relevant ligand for reassembled Cdc42, we chose the Cdc42 binding domain (PBD) of the human p21-activated kinase 1 protein (PAK), which binds tightly (K D ¼ 30 nM) and specically to GTP-bound, activated Cdc42. 6, 38, 39 To validate this pull-down assay, we generated lysates containing wild-type Cdc42 or the L61Cdc42 mutant in BL21-CodonPlus (DE3)-RIPL E. coli cells. Utilizing nucleotide exchange, GDP-bound wild-type Cdc42 (negative control) and GTP-gS-bound wild-type Cdc42 were both prepared. Together with the constitutively active L61Cdc42 mutant, these three samples were assayed for binding to immobilized PBD with subsequent detection via western blotting (Fig. S1 †) . These experiments conrmed that the PBD-based pull-down assay could be used to differentiate between active and inactive forms of Cdc42 in a complex mixture.
Condent in the ability to screen for active Cdc42, we proceeded to interrogate the Cdc42 fragment library for rapamycindependent effector binding. mRNA transcripts corresponding to Cdc42 fragments were translated in the presence or absence of rapamycin in rabbit reticulocyte lysates and were labeled with 35 Smethionine. Reassembled Cdc42 was identied using the PBDbased pull-down assay described above (Fig. 3a) . We also expressed full-length L61Cdc42 as a positive control as well as a constitutively inactive mutant, termed N17Cdc42, 40 as a negative control. These experiments identied one complementary pair, termed FRB-N12 (consisting of residues 1-12 of Cdc42) and 13C-FKBP (consisting of residue 13-190 of Cdc42), that showed a signicantly stronger binding to immobilized PBD in the presence of rapamycin compared to translations conducted in the absence of rapamycin (Fig. 3b, S2 and Table S2 †). These differences in PBD affinity were reproducible (Fig. S3 †) and indicate that reassembly of this pair is promoted by an increase in local concentration. These experiments also consistently indicate an excess of the 13C fragment bound to immobilized PBD. The origin of this excess is currently not known, but may be attributable to oligomerization of the 13C fragment. Mapping these sites back to the structure of active Cdc42 indicated that fragmentation at this site likely interferes with productive GTP binding and subsequent effector engagement through disruption of the P-loop, which is involved in phosphate binding (Fig. 4) . 41 Thus the increase in effector binding upon reassembly may be explained by restoration of the GTP binding site. Relatively weak binding of fragments to immobilized PDB in the absence of rapamycin may be attributed to potential self-assembly. Nonetheless, addition of rapamycin signicantly increases the yield of small GTPase capable of binding to PBD (Fig. 3b and S3 †) . Future experiments will be aimed at decreasing binding of these fragments to PBD in the absence of rapamycin and improving reassembly efficiency in the presence of rapamycin.
Conclusions
We present a proof-of-principle for generating a fragmented small GTPase that displays increased effector binding in response to a small molecule input. This work represents an important step towards the development of reagents capable of bypassing the native regulation of small GTPase activity (Fig. 1) . Future experiments will be aimed at investigating the ability of these fragments to bind diverse cellular effectors with the ultimate goal of controlling cell motility in living cells. For example, one could imagine the use of previously described small molecule-dependent supramolecular assembly systems in order to control small GTPase function in living cells. [21] [22] [23] [24] [25] 27, 28 Moreover, due to the structural homology of the small GTPase family, it may be possible to identify additional fragmented small GTPases, 31,32 affording a lexicon of split-small GTPase modules that could be controlled by orthogonal inputs.
